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ABSTRACT
Context. Observations of ultra-hot Jupiters indicate the existence of thermal inversion in their atmospheres with dayside temperatures
greater than 2200 K. Various physical mechanisms such as non-local thermal equilibrium, cloud formation, disequilibrium chemistry,
ionisation, hydrodynamic waves and associated energy, have been omitted in previous spectral retrievals while they play an important
role on the thermal structure of their upper atmospheres.
Aims. We aim at exploring the atmospheric properties of WASP-19b to understand its largely featureless thermal spectra using a
state-of-the-art atmosphere code that includes a detailed treatment of the most important physical and chemical processes at play in
such atmospheres.
Methods. We used the one-dimensional line-by-line radiative transfer code PHOENIX in its spherical symmetry configuration including
the BT-Settl cloud model and C/O disequilibrium chemistry to analyse the observed thermal spectrum of WASP-19b.
Results. We find evidence for a thermal inversion in the dayside atmosphere of the highly irradiated ultra-hot Jupiter WASP-19b
with Teq ∼ 2700 K. At these high temperatures we find that H2O dissociates thermally at pressure below 10−2 bar. The inverted
temperature-pressure profiles of WASP-19b show the evidence of CO emission features at 4.5 µm in its secondary eclipse spectra.
Conclusions. We find that the atmosphere of WASP-19b is thermally inverted. We infer that the thermal inversion is due to the strong
impinging radiation. We show that H2O is partially dissociated in the upper atmosphere above about τ = 10−2, but is still a significant
contributor to the infrared-opacity, dominated by CO. The high-temperature and low-density conditions cause H2O to have a flatter
opacity profile than in non-irradiated brown dwarfs. Altogether these factors makes H2O more difficult to identify in WASP-19b. We
suggest that state-of-the-art PHOENIX model atmosphere code is well-suited to the study of this new class of extrasolar planets, that is
the ultra-hot Jupiters.
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1. Introduction
More than 4000 exoplanets have been discovered so far via de-
tection techniques such as the transit and radial velocity meth-
ods. A large number of them falls into the category of hot
Jupiters and are normally found around around A, F and G type
stars (Zellem et al. 2017). In recent times, a new class of ultra-
hot Jupiters has also been identified. Due to their close proxim-
ity to their host star, these ultra-hot Jupiters show distinct char-
acteristics compared with hot Jupiters, such as a higher rate of
transit and eclipse. Ultra-hot Jupiters with an orbital separation
of less than 0.05 AU face the highest level of irradiation from
their host stars. With large atmospheric scale heights they dis-
play dayside temperatures ≥ 2200 K. Their short orbital periods
and high-temperature result in a high planet-to-star contrast ra-
tio, particularly in the mid-infrared. This makes them ideal can-
didates to probe their atmospheres (Burrows et al. 2004).
The atmospheres of hot Jupiters are predominantly com-
posed of molecular hydrogen and atomic helium. Other sig-
nificant molecules possibly found in their atmospheres are
CO2, C2H2, and HCN (Madhusudhan 2012). Recent study by
Lothringer et al. (2018) showed that various atomic and molec-
ular species such as O, C, N, Fe, Mg, H2O, CO, CH4, N2, NH3
including SiO and metal hydrides are also present at high tem-
perature in the atmospheres of hot Jupiters.
Wavelength dependence of the transit radii observations pro-
vides a measure of a planet’s atmospheric composition (Fortney
et al. 2003). For example, atomic sodium is detected from the
transit radii observations of hot-Jupiter HD209458b (Charbon-
neau et al. 2002) whereas H2O has been detected in the atmo-
sphere of both HD189733b (Tinetti et al. 2007) and HD209458b
(Barman 2007). Observations of ultra-hot Jupiters have also re-
vealed information about the thermal structure of their atmo-
spheres (Madhusudhan et al. 2014).
Depending on the presence of inverted or non-inverted ther-
mal structure profile of their atmospheres, ultra-hot Jupiters can
display emission or absorption features in their spectra. They
may also show a blackbody spectrum in presence of an isother-
mal profile (Fortney et al. 2008; Line & Parmentier 2016). The
nature of the absorbers responsible for the thermal inversion in
their atmospheres is not yet known, though the presence of vana-
dium oxide (VO) and titanium oxide (TiO) has been proposed to
be cause for this (Burrows et al. 2008; Fortney et al. 2008). The
observed absorption broadband features in their optical trans-
mission spectrum between 0.62 and 0.8 µm can possibly be ex-
plained by these absorbers (Désert et al. 2008). Processes such as
Article number, page 1 of 5
ar
X
iv
:2
00
8.
01
28
8v
1 
 [a
str
o-
ph
.E
P]
  4
 A
ug
 20
20
A&A proofs: manuscript no. aa_wasp-19
vertical mixing that prevent the temperature inversion from oc-
curring in their atmosphere are described by Spiegel et al. (2009)
and Parmentier et al. (2013, 2016), whereas the role of stellar ac-
tivity for the thermal inversion in the atmosphere of hot-Jupiters
is studied by Knutson et al. (2010).
Evidences for thermal inversion and diverse characteristics
of the atmospheres of ultra-hot Jupiters are also imprinted in
their near-infrared (NIR) observations. For example, TiO has
been detected as an emission feature in WASP-33b (Haynes
et al. 2015; Nugroho et al. 2017) and as an absorption feature
in WASP-19b (Sedaghati et al. 2017). Emission features due to
H2O and VO have also been detected in WASP-121b (Evans
et al. 2017). The presence of thermal inversion without H2O,
TiO, and VO has been noticed in the low resolution secondary
eclipse spectra of WASP-18b (Sheppard et al. 2017; Arcangeli
et al. 2018). Their study provides evidence for CO emission at
4.5 µm, implying an inverted thermal structure. On the other
hand, no clear evidence for emission or absorption features of
H2O is found in HAT-P-7b (Mansfield et al. 2018), WASP-12b
(Swain et al. 2013), and WASP-103b (Kreidberg et al. 2018).
These planets show instead a thermal blackbody spectra. A hand-
ful of extremely hot-Jupiters also do not show any hint for ther-
mal inversion such as HD209458b, KELT-1b, and Kepler-13Ab
(Diamond-Lowe et al. 2014; Beatty et al. 2017a,b).
Retrieval techniques are commonly used to constrain the
chemical composition, thermal structure, and to explain the fea-
tureless spectra of ultra-hot Jupiters (Madhusudhan & Seager
2009; Line et al. 2013; Stevenson et al. 2014). Such meth-
ods allowed to detect the presence of CO with high C/O ra-
tio in WASP-18b (Sheppard et al. 2017) and to derive a sub-
solar metallicity associated with an oxygen-rich composition in
WASP-33b (Haynes et al. 2015). The forward modelling ap-
proach by Arcangeli et al. (2018), Lothringer et al. (2018), and
Parmentier et al. (2018) explains the lack of strong H2O spec-
tral features in the ultra-hot Jupiters due to molecular dissoci-
ation. Considering H– opacity and the thermal dissociation of
H2O, Arcangeli et al. (2018), Kreidberg et al. (2018), Kitzmann
et al. (2018), and Mansfield et al. (2018) explained the feature-
less spectra in some ultra-hot Jupiters for example HAT-P-7b,
KELT-9b, WASP-12b, WASP-121b, and WASP-18b. Although
the retrieval techniques are useful to quantify the atmospheric
abundances of ultra-hot Jupiters, the results demonstrate a large
diversity in their chemical composition and thermal structures,
which could lead to biased conclusions.
In this paper, we investigate the atmospheric properties of the
ultra-hot Jupiter WASP-19b. WASP-19b is among the objects
that exhibit weaker spectral features compared to their cooler
counterparts. WASP-19b has a shorter orbital period and, thus,
receives extreme irradiation from its host star. Its atmosphere is
then of particular interest to study. We argue that proper chem-
istry and opacity play a key role in understanding its extreme hot
atmosphere without invoking unusual abundances.
2. Model Construction
To model the atmosphere of WASP-19b, we have used the BT-
Settl model atmosphere described in Allard et al. (2012) and
Rajpurohit et al. (2012). BT-Settl is a state-of-the-art model at-
mosphere code which has been extremely successful to repro-
duce the properties of stellar to sub-stellar objects including cool
brown dwarfs (Rajpurohit et al. 2012, 2013). The current ver-
sion of the BT-Settl model uses H2O along with other molec-
ular line lists such as FeH, CrH, TiO, VO, CaH, NH3, Mg,
CO2 and CO. Collision induced absorption (CIA) from H2 col-
lisions with H2, He, CH4, N2, and Ar along with CO2-CO2, Ar-
CH4, and CH4-CH4 are also included (for more detail see Allard
et al. (2012)). The BT-Settl model accounts for many continu-
ous opacity sources, including bound-free opacity from H, H–,
He, C, N, O, Na, Mg, Al, Si, S, Ca, and Fe, free-free opacity
from H, Mg, and Si, and scattering from e– , H, He, and H2.
The model includes the opacities of more than 100 molecular
species, including many molecules, isotopes, atomic species and
their ionised states. Detailed profiles for the alkali lines as de-
scribed in Unsold (1968), Valenti & Piskunov (1996), and Allard
et al. (2007) and approximation is utilised for the atomic damp-
ing constants with a correction factor to the widths of 2.5 for
the non-hydrogenic atoms. Several important atomic transitions,
such as the alkali, Ca I, and Ca II resonance lines along with
more accurate broadening data for neutral hydrogen collisions
by Barklem et al. (2000) have been included.
The BT-Settl model also accounts for disequilibrium chem-
istry for C/O and N (Graven & Long 1954; Visscher et al. 2010;
Allard et al. 2012). The reference solar elemental abundances are
derived from Caffau et al. (2011). These models are computed
with the version 15.5 of PHOENIX, a multi-purpose atmosphere
code (Allard et al. 2001). PHOENIX solves the radiative trans-
fer in 1D spherical symmetry with irradiation such that flux is
conserved at each layer. The basic assumption in PHOENIX while
solving radiative transfer is hydrostatic equilibrium with convec-
tion using the mixing length theory, and a sampling treatment of
the opacities (see Allard et al. 2013).
The atmosphere model for WASP-19b irradiated by the host
star of spectral type G5 with an orbital separation of 0.0163 AU
has been computed by considering boundary conditions as de-
scribed in Barman et al. (2001). A pre-computed converged non-
irradiated model structure at 400 K is chosen from Allard et al.
(2012) as the initial model structure to start with. The tempera-
ture is decreased down to 100 K to achieve the model structure.
A temperature change of less than 1 K at every depth point in
the thermal structure is considered as the criterion for the con-
verged model. Effective temperature (Teff) of 5500 K, surface
gravity (log g) of 4.5, and [M/H]) = 0 have been taken as input
parameters for the host star.
To explore and investigate the atmospheric properties of
WASP-19b, models with uniform heat redistribution with f =
0.5 across the entire dayside have been calculated with slanted
rays for metallicity at –2.0, 0.0, and +2.0 dex. Here the factor
f measures the uniform heat redistribution where f = 0.5 indi-
cates heat redistribution across the entire dayside while f = 1
indicates full heat redistribution. The model is calculated on an
optical depth grid of 250 layers in log-space for τ = 10−9 to 103
at the peak of the spectral energy distribution which corresponds
to pressures of 10−12 to ∼10 bars. In the computation of the at-
mospheric model, some non-local thermal equilibrium (NLTE)
processes have also been included for a small set of elements
and level numbers (H I, He I, Li I, C I, Ni I, O I, Ne I, Na I, Na
II, Mg I, Mg II, Si I, S I, K I, K II, Ca I, Ca II, Rb I), which
affect the entire atmosphere. PHOENIX has been used to calcu-
late both the planetary and stellar spectra from 10 to 106 Å. The
planetary, star and orbital parameters used for the computation
irradiated model of WASP-19b are summarised in Table 1.
3. Results and Discussion
A thermal spectrum of WASP-19b, from Anderson et al. (2010),
Gibson et al. (2010), Burton et al. (2012), Anderson et al. (2013),
Bean et al. (2013), and Lendl et al. (2013), is shown in Fig 1. The
planet-to-star flux ratio at 4.5 µm is higher than the one at 3.6
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Fig. 1: Comparison of observed thermal spectra of WASP-19b
with the modelled spectra calculated using PHOENIX (solid line)
at different metallicity with an average dayside heat redistribu-
tion ( f = 0.5). The corresponding temperature-pressure profile
is shown in the inset image (the grey shaded region corresponds
to the structure inversion). The observed thermal spectrum of
WASP-19b presented in this paper is adopted from Anderson
et al. (2010, 2013) (filled square and filled circles), Gibson et al.
(2010) (filled upward triangle), Bean et al. (2013) (open circles),
Burton et al. (2012) (open diamond), and Lendl et al. (2013)
(filled downward triangles). The emission features at 4.5 µm are
due to CO in presence of thermal inversion.
Table 1: Planetary, stellar and orbital parameters used in the
model are from Butler et al. (2006), Southworth et al. (2007),
Hebb et al. (2010) and Hellier et al. (2011).
Parameter Value
a 0.0163 AU
R[p] 1.386 (RJupiter)
log g[p] 3.17 [cm/sec2]
Tint[p] 100 [K]
Teff [?] 5500 [K]
log g[?] 4.5 [cm/sec2]
R[?] 0.990 (R)
[M/H][?] 0.0
µm Spitzer/IRAC channel. Moreover, at higher wavelengths,
namely at 5.8 and 8.0 µm, the planet-to-star flux ratio is even
higher than 4.5 µm. This clearly indicates the presence of excess
emission in some photometric bands over others.
The atmosphere of WASP-19b has been modelled with the
parameters given in Table 1 using PHOENIX. It shows the pres-
ence of thermal inversion (see inset diagram, Fig. 1) and the
equilibrium temperature is found to be ∼ 2700 K. The compar-
ison between observational data and our theoretical modelling
(Fig 1) indicates that the excess planet-to-star flux ratio at 4.5 µm
is due to the presence of CO, which in turn is caused by thermal
inversion that exists in the atmosphere. The corresponding pres-
sure range, as probed by the secondary eclipse, is 10−2 to 10−3
bar. Previous studies on WASP-19b did not show any evidence of
thermal inversion in its atmosphere (Anderson et al. 2013; Bean
et al. 2013). However, these studies were mainly based on re-
trieval techniques where abundances and thermal structure were
fitted to the data.
We investigate the effect of metallicity on the atmosphere of
WASP-19b by changing all the heavy-elemental abundances by
a factor of two. As shown by the inset image of Fig. 1, the ther-
mal inversion becomes stronger as the metallicity increases. This
is mainly due to the temperature dependence of the thermal dis-
sociation of various molecules, which changes the photospheric
abundances ratio of TiO and H2O at different metallicities (Par-
mentier et al. 2018). At higher metallicities, the increase in the
abundances of various absorbers such as TiO warms the upper at-
mosphere. This causes the thermal inversion to be even stronger
as compared to solar metallicity which leads to strong emission
features of CO and shallower features of H2O in their thermal
spectra. We find that models with sub-solar metallicities show
signature of a very weak or no thermal inversion (see Fig. 1).
This is a result of the decrease of TiO and VO abundances. In
most of the hot Jupiters or massive planets, the metallicity is be-
lieved to approach the metallicity of the host star (Torres et al.
2012; Arcangeli et al. 2018). We also investigate this by com-
paring the observed thermal spectra of the dayside atmosphere
of WASP-19b with the models at [M/H] = -2.0, 0.0 and +2.0.
Our results show that thermal spectra of WASP-19b can be ex-
plained with a model at solar metallicity with thermal inversion
without invoking unusual abundances.
In case of ultra-hot Jupiters, the molecular species required
to explain the featureless observations are physically plausible.
At extremely high temperature, the various molecules responsi-
ble for the radiative cooling in their atmosphere do not exist. In
Fig. 2, we show the mixing ratio of the most important atomic
and molecular species in the atmosphere of WASP-19b at dif-
ferent metallicity as a function of optical depth and temperature.
We see that H2 dissociates in the upper atmosphere due to im-
pinging radiation from about τ = 10−2, but not enough to prevent
the molecular hydrogen atmosphere. Due to the impinging radi-
ation, free electrons are available and constant over most of the
upper photosphere. Neutral atomic oxygen is fully locked to the
very stable CO molecule in the deep atmosphere (P > 10−2 bar),
but becomes as abundant as CO in the upper atmosphere. This
is the result of partial dissociation of CO, and other oxygen–
bearing molecules. While CO is quasi-constant throughout the
atmosphere. We find that H2 and CO are the most abundant
molecules, while CO, TiO and VO are the most important molec-
ular opacity sources in the atmosphere of WASP-19b.
As shown Fig. 2 (left panels), we find that the variation of
atomic and molecular abundances, together with the strong im-
pinging radiation, contribute to the thermal inversion in the at-
mosphere of WASP-19b. At 0.0163 AU, the thermal structure of
WASP-19b is too hot for the formation of the BT-Settl clouds,
whereas the presence of CO/CO2 reveals the disequilibrium
chemistry. We find the formation of a limited amount of CO2
in disequilibrium chemistry, but not abundant enough to partic-
ipate significantly in the CO and H2O balance. We also show
that TiO and alkali doublets, seen in early to mid-type brown
dwarfs, are the main opacities in the optical to near-IR spectrum
of WASP-19b. It is evident from Fig. 2 (right panels) that the
temperature inversion causes the wiggles in the concentrations
along the structure causing CO bands to appear in emission.
Figure 3 shows the synthetic spectra of WASP-19b in the op-
tical at different metallicities. We see that despite extremely low
abundances, similar to brown dwarfs and irradiated hot-Jupiter
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Fig. 2: Concentration of important absorbing molecules and neutral atoms as a function of optical depth and temperature at [M/H] =
+2.0 (top), [M/H] = 0.0 (middle), and [M/H] = -2.0 (bottom). These species deplete at the given pressure range for the irradiated hot
Jupiter WASP-19b (see main text). The grey shaded region (left panels) corresponds to the structure inversion and shows the window
of the observable atmosphere from which most of the spectrum emerges (in the CO, H2O, TiO molecular bands pseudo continuum).
We notice that in the upper atmosphere (τ < 10−2), H2O, TiO and VO dissociate whereas neutral atomic oxygen remains constant.
We find that CO remain constant throughout the atmosphere of WASP-19b. The temperature inversion (right panels) causes the
wiggles along the structure causing CO bands to emerge in emission.
.
atmospheres (Allard et al. 2001; Barman et al. 2001, 2002), the
TiO cross-sections are strong enough to preserve TiO as the main
optical to near-IR opacity, along with alkali atomic fundamental
transitions. These are the most important opacity sources, to-
gether with CO in the infrared, that survive the immense heat
impinging of the planet atmosphere. The thermal inversion po-
tentially hides pseudo-continuum opacities such as H2O, and the
high temperatures do not allow triatomic to remain stable. Also
at given resolution and at such high temperature conditions, H2O
has a much flatter opacity profile making it more difficult to
recognise, especially at those spectral resolutions.
Article number, page 4 of 5
A. S. Rajpurohit , F. Allard , D. Homeier , O. Mousis , S. Rajpurohit: Atmosphere of WASP-19b
0.5 0.6 0.7 0.8 0.9
0.0000
0.0002
0.0004
0.0006
0.0008
0.0010
Wavelength (µm)
P l
a n
e t
−
t o
−
S t
a r
−
R
a t
i o
[M/H]=+2.0
[M/H]=0.0
[M/H]=−2.0
Na 
TiO 
TiO 
TiO 
Na 
K 
Fig. 3: Synthetic spectra of WASP-19b in the optical range cal-
culated using PHOENIX at different metallicities with an average
dayside heat redistribution (f = 0.5). Labels of the most promi-
nent atomic and molecular features remaining important opacity
sources, even at low concentrations, are indicated.
4. Conclusions
We have used the state-of-the-art 1D NLTE opacity sampling
model atmosphere code PHOENIX to study the atmosphere of
WASP-19b. This model has been successfully used to study the
atmosphere of cool stars, brown dwarfs and extrasolar planets.
The temperature-pressure profile of WASP-19b computed using
PHOENIX shows the presence of thermal inversion. Our model
computed at solar metallicity successfully reproduces the ob-
served photometry of WASP-19b without the need for non-solar
composition. The secondary eclipse of WASP-19b shows evi-
dence for CO emission features at 4.5 µm, but however no sign
of H2O. We find that these features are the results of thermal
dissociation and thermal inversion due to the strong impinging
radiation. Also, the H2O pseudo-continuum is much smoother at
the concerned temperatures and densities, making it more dif-
ficult to identify at those extremely coarse spectral resolutions.
Our results further strengthen the fact that the family of ultra-hot
Jupiters commonly exhibit thermal inversions.
At longer wavelengths (above 1.4 µm) and at extremely hot
temperatures (2200–2800 K), a significant amount of H2O gets
thermally dissociated at a pressure below 10−2 bar. At a tem-
perature above 2200 K, TiO and VO do remain important opac-
ity sources, even at low concentrations. At longer wavelengths,
CO is the only molecule with its strong triple bond to be abun-
dant below 10−2 bar. This molecule does not dissociate and its
emission features appear at 4.5 µm. We suggest that the actual
reason for the drop in H2O in ultra-hot Jupiters is the partial
thermal dissociation of this molecule and the resulting thermal
inversion which shapes the thermal spectra of ultra-hot Jupiters.
This makes H2O a poor diagnosis of the C/O ratio. Also at such
high dayside temperature (> 2200 K), and at that resolution, the
opacity profile of H2O is spectrally much flatter and difficult to
recognise.
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